Neuromodulation of synaptic strength and short-term dynamics can have important consequences for the output of an oscillatory network. Although such effects are documented, few studies have examined neuromodulation of synaptic output in the context of network activity. The crab pyloric bursting oscillations are generated by a pacemaker group that includes the pyloric dilator (PD) neurons. The sole chemical synaptic feedback to this pacemaker group is the inhibitory synapse from the lateral pyloric (LP) neuron, which is comprised of an action-potential-mediated and a graded component. We show that the neuropeptide proctolin unmasks a surprising heterogeneity in its dynamics of the graded component depending on the magnitude of the presynaptic input: it switches the direction of short-term dynamics of this component by changing depression to facilitation. Whether the graded component shows depression or facilitation, however, depends on the amplitude of the slow voltage waveform of the presynaptic LP neuron and is correlated with a putative presynaptic calcium current. The spike-mediated component is strengthened as the baseline membrane potential is increased in control conditions and is also enhanced by proctolin at all baseline potentials. In addition to direct modulation of the synaptic components, proctolin also affects the amplitude of the LP waveform and its action potential frequency, both of which influence synaptic release.
Introduction
Short-term synaptic dynamics such as facilitation and depression have been shown to play an important role in shaping the output of neuronal networks Tsodyks et al., 2000; Manor and Nadim, 2001; Zucker and Regehr, 2002; Deeg, 2009 ). Synaptic plasticity also ensues from modification of synaptic strength by neuromodulators Sakurai and Katz, 2003; Thirumalai et al., 2006) .
Neuromodulation of the short-term dynamics, reported in many systems (Bristol et al., 2001; Baimoukhametova et al., 2004; Cartling, 2004; Sakurai and Katz, 2009) , is considered a form of metaplasticity and can have complex network consequences (Fischer et al., 1997b ); yet, little is known about neuromodulation of synaptic dynamics in the context of network oscillations. Synapses often involve distinct components that act at different time scales or involve spike-mediated, graded or asynchronous release (Warzecha et al., 2003; Otsu et al., 2004; Ivanov and Calabrese, 2006) . We explore how neuromodulation modifies distinct components of a synapse in an oscillatory network and examine how these modulatory actions shape the combined synapse in the context of network activity.
The crustacean pyloric oscillations are generated in the stomatogastric nervous system (STNS) by a pacemaker group consisting of the gap-junction-coupled anterior burster (AB) and pyloric dilator (PD) neurons that burst in synchrony and inhibit all other pyloric neurons. The sole chemical feedback from the pyloric follower neurons to the pacemakers is the synapse from the lateral pyloric (LP) neuron to the PD neurons, according a key role for this synapse in the regulation of pyloric oscillations (Manor et al., 1997; Mamiya et al., 2003; Weaver and Hooper, 2003) . A variety of neuromodulators in the STNS modify the intrinsic properties of individual pyloric neurons Swensen and Marder, 2000) and the strength and dynamics of synapses among these neurons (Johnson et al., 2005; Johnson et al., 2011) . In this study, we demonstrate the ability of the modulatory neuropeptide proctolin to alter the strength and unmask novel dynamics in the LP to PD synapse. Proctolin is released by several projection neurons in the STNS (Nusbaum et al., 2001 ) and activates a voltage-gated ionic current in several pyloric neurons . However, the effect of proctolin on the pyloric synapses has not been previously examined. The LP to PD synapse has both spike-mediated and graded components, as found in other systems (Angstadt and Calabrese, 1991; Pan et al., 2001; Warzecha et al., 2003; Ivanov and Calabrese, 2006) .
We first characterize the effect of proctolin on the strength and short-term dynamics of the two components of the LP to PD synapse separately. The graded component of this synapse, which depresses in control conditions (Manor et al., 1997) , is enhanced and can show facilitation in proctolin, while the spike-mediated component is also strengthened by proctolin. To measure the combined effect of proctolin, we record voltage waveforms of the LP neuron during ongoing activity and use these realistic waveforms in the voltage-clamped LP neuron to unmask the contribution of these changes to total synaptic output in biologically realistic conditions.
Materials and Methods

Preparation and identification of the neurons
Experiments were conducted on the stomatogastric nervous system (STNS) of the crab Cancer borealis. Animals were obtained from local markets and maintained in filtered, re-circulating seawater tanks at 10-12 °C. The STNS was dissected out using standard procedures (Blitz et al., 2004; Tohidi and Nadim, 2009) . Briefly, the complete isolated STNS (including the stomatogastric ganglion, STG; the esophageal ganglion, OG; and the paired commissural ganglia, CoG; Fig. 1A ) was pinned down on a Sylgardcoated Petri dish. The STG was desheathed to facilitate penetration of the pyloric neuron cell bodies. All preparations were continuously superfused with chilled (10-13°C) physiological Cancer saline containing (in mM) KCl 11, NaCl 440, CaCl 2 13, MgCl 2 26, Trizma base 11.2, Maleic Acid 5.1, pH=7.4-7.5. Proctolin (Sigma-Aldrich) was dissolved as stock solution in distilled water to a final concentration of 10 -3 M, divided into aliquots and frozen at -20 °C. The final concentration was made by dissolving the stock solution in Cancer saline immediately before use. The dose response effect on the synaptic inputoutput curve was done by bath applying proctolin from low to high concentration (10 -9 -10 -5 M) in 20 minute intervals. All other applications of proctolin were done at 10 -6 M.
Application of proctolin and other solutions were bath applied by means of a switching port in a continuously flowing superfusion system. (Weimann et al., 1991; Blitz et al., 2008) .
Neuromodulatory inputs to the STG
More than 20 different neuromodulators (including several neuropeptides) have been identified in the STNS (Marder and Bucher, 2007) . These neuromodulators are released from neurons whose cell bodies reside in anterior ganglia (OG, CoG) and nerves, and project to the STG via the stomatogastric nerve (stn) (Nusbaum and Beenhakker, 2002) . Several of the neuromodulatory peptides were shown to elicit distinct versions of the pyloric rhythm (Marder and Thirumalai, 2002) and their actions at the network level have been found to be dose-and frequency-dependent (Nusbaum, 2002) . In this study, we focused on the neuromodulatory effects of a single, well characterized neuropeptide, proctolin (Hooper and Marder, 1984; Marder et al., 1986; Hooper and Marder, 1987; Golowasch and Marder, 1992; Blitz et al., 1999; Swensen and Marder, 2001 ).
Effect of proctolin on the strength and dynamics of the LP to PD synapse
Measurements of synaptic output were done by measuring amplitude when there was little variability in the synaptic potential or current amplitudes. In cases where biological or other conditions resulted in variability of synpatic amplitude (such as during ongoing activity) we measured the total area of the IPSP or IPSC.
In order to study the graded component of the LP to PD synapse, the preparation was superfused with 10 -7 M tetrodotoxin (TTX; Biotium) to block action potentials and therefore spike-mediated transmission. The LP neuron was two-electrode voltage clamped with a holding potential of -60 mV and stimulated with multiple square pulses of different amplitudes as well as realistic waveforms of different amplitudes and frequencies. Application of realistic waveforms for synaptic measurements were done according to methods we have been previously described (Mamiya et al., 2003; Tseng and Nadim, 2010) . Square pulses of fixed 500 ms duration were used to activate the graded component of LP to PD synapse in 10 -7 M TTX. Graded synaptic responses were used to measure synaptic input-output relationships which were fit with Boltzmann type
To measure spike-mediated transmission, the LP neuron was voltage clamped at a holding potential between -70 and -50 mV and one of the following two methods was used:
1. Short square voltage pulses of fixed 10-ms duration were used to elicit individual spikes and activate the spike-mediated component of the synapse without eliciting graded release. This was made possible because the voltage clamp holding potential prevented graded release which depends on changes in the baseline membrane potential (we confirmed that 10-ms pulses were too short to elicit graded release by showing that no synaptic current was present in the presence of TTX) and, action potentials could be generated by the brief 10-ms pulses without any significant effect on the baseline membrane potential.
2. Antidromic spikes were elicited by stimulating the nerve lpn using a pulse stimulator (A-M system isolated pulse stimulator 2100, USA) using 0.5 msec, 3 to 10 V stimuli. The antidromic spikes (which cannot be clamped with somatic electrodes) invade the arborization of the LP neuron and result in synaptic release. The two PD neurons are anatomically identical and functionally similar; they exhibit similar intrinsic properties and make and receive similar synaptic connections (Miller and Selverston, 1982; Eisen and Marder, 1984; Hooper, 1997; Soto-Treviño et al., 2005) . For clarity, the figures in this manuscript only show results from one PD neuron.
Recording, Analysis and Statistics
Data were acquired using pClamp 9 software (Molecular Devices) or the Scope software (available at http://stg.rutgers.edu/software developed in the Nadim laboratory), sampled at 4 kHz and saved on a PC using a PCI-6070-E data acquisition board (National Instruments). Statistical and graphical analyses were done using Sigmastat 3.0 (Aspire Software) and Origin 7.0 (OriginLab). Reported statistical significance indicated that the achieved significance level p was below the critical significance level α=0.05. All error bars shown and error values reported denote standard deviations.
Results
During the ongoing pyloric rhythm, the LP and PD neurons fire in alternation ( Fig.   1B ; left panel). Removal of descending modulatory inputs to the STG (decentralization) disrupts the pyloric rhythm as the alternating oscillation of the LP and PD neuron becomes slow and irregular ( Fig. 1B ; middle panel; see also (Nusbaum and Beenhakker, 2002) ). As shown in previous studies (Marder et al., 1986; Nusbaum and Marder, 1989a) , bath application of proctolin enhances the pyloric rhythm by increasing the amplitude of the slow wave oscillation of the LP and PD neurons and increasing the spike frequency and number of spikes per burst ( Fig. 1B ; right panel). It is known that proctolin enhances the bursting activity of the LP and pacemaker neurons by eliciting a voltage-gated inward current (Golowasch and Marder, 1992; Swensen and Marder, 2000) . The LP to PD synapse is the only chemical synaptic feedback to the pyloric pacemaker neurons. As such, this synapse is in a key position to affect the frequency and phase relationships of the pyloric network (Eisen and Marder, 1982; Weaver and Hooper, 2003; Nadim, 2004, 2005) . Our goal in this study is to characterize the neuromodulation of the LP to PD synapse by proctolin. An examination of the size of the IPSPs resulting from this synapse (gray regions marked in Fig. 1B) shows that during ongoing oscillations proctolin strengthens the synapse compared to control conditions ( Fig. 1D ; Student's ttest, p<0.01, N=5).
The LP to PD synapse consists of two components: a spike-mediated component that manifests as unitary IPSPs in response to individual action potentials in the presynaptic LP neuron (clearly seen in the Decentralized PD neuron trace in Fig. 1B ) and a graded (non-spike-mediated) component (Manor et al., 1997; Ayali et al., 1998; Mamiya and Nadim, 2004) . We first examined the effects of proctolin on these two components of LP to PD synapse separately.
To measure the graded component of the LP to PD synapse, the preparation was bathed with 10 -7 M TTX to remove action potentials and therefore block spike-mediated transmission. The LP neuron was voltage clamped to a holding potential of -60 mV and then injected with a series of 500 ms depolarizing square voltage pulses with increasing amplitudes, in control and after bath application of 10 -6 M proctolin, and the resulting IPSPs were recorded in the PD neuron (Fig. 2) . The IPSP amplitude increased as the amplitude of the LP neuron depolarizations increased in both control and proctolin, as expected from a graded synapse. The amplitudes of the graded IPSPs (gIPSPs) were larger in proctolin, indicating the strengthening of the LP to PD synapse by proctolin. The enhancement of the synaptic strength was reversible after a 45 minute wash although the synapse often appeared slower to activate at high presynaptic voltages after wash ( Fig.   2A ).
The synaptic input-output curve constructed using the peak amplitudes of the gIPSPs showed a sigmoidal dependency on the presynaptic voltage for both control and proctolin (Figs. 2B and 2C). The amplitudes of gIPSPs were augmented in proctolin in a dose dependent manner but saturated at 10 -6 M ( Fig. 2B ) which is the dose typically used in previous studies of proctolin in this system (Nusbaum and Marder, 1989a; Swensen and Marder, 2000) . All subsequent data reported in this study is with 10 -6 M proctolin.
Proctolin significantly strengthened gIPSPs of the LP to PD synapse for presynaptic amplitudes ≥ 35 mV (two-way ANOVA post-hoc Tukey analysis, p < 0.01 for V LP = -35 to -10 mV; N=6). To examine the effect of proctolin on the synaptic inputoutput curve, the amplitude of the individual gIPSPs in each preparation was normalized to the gIPSP measured in response to the highest presynaptic amplitude (Fig. 2D ). Each data point in Fig. 2D indicates a single measurement in six preparations and these measurements were fit with Boltzmann type equations (see Methods). We found that proctolin shifts the midpoint of the input-output curve by about 5.5 mV to more negative membrane potentials (V half in mV-Ctrl: -29.0±0.11; Proc: -35.4±0.14; Wash: -28.0 ±0.44; One-way ANOVA, p<0.001) but did not significantly change the slope of this curve, although the slope became shallower after wash (k half in mV-Ctrl: -3.11±0.10;
Proc: -2.83±0.12; Wash: -6.36 ±0.45, p=0.2 for Ctrl vs. Wash).
The LP to PD synapse has been previously shown to display short-term depression (Manor et al., 1997) . To examine whether proctolin modifies the dynamics of this synapse, we injected a train of voltage pulses with different amplitudes from a holding potential of -60 mV into the LP neuron and recorded the gIPSPs in the PD neuron in control saline and in the presence of 10 -6 M proctolin. In almost all recordings, the amplitude of the gIPSP did not change subsequent to the 4 th pulse and therefore we refer to the gIPSP in response to the 5 th pulse as the steady-state gIPSP. An example of the synaptic response to trains of pulses with two different amplitudes in control and proctolin is shown in Fig. 3A . As seen in this figure, in response to 40 mV pulses, the steady-state gIPSP was always slightly smaller than the 1 st pulse gIPSP, indicating synaptic depression, in both control (gray) and proctolin (pink). In contrast, the gIPSPs elicited with 20 mV presynaptic pulses were qualitatively different: in this case, the gIPSPs in the PD neuron either did not change or showed slight depression in control, but facilitation in proctolin: the response to the 1 st pulse was relatively small but became much larger by the 3 rd pulse. Figure 3B shows the ratio of the 5 th to the 1 st mean gIPSP amplitude (A 5 /A 1 ) calculated for all presynaptic depolarizations with an inter-pulse interval of 500 ms. In control conditions, the ratio A 5 /A 1 was slightly less than one for all values of presynaptic pulse amplitudes (ΔV LP ), indicating that the synapse was always depressing. In contrast, in the presence of proctolin, the A 5 /A 1 ratios in response to pulse amplitudes between 20 and 24 mV were greater than 1 while the ratios in response to larger pulse amplitudes were less than 1, indicating facilitation and depression, respectively (2-way ANOVA with post hoc Tukey test showing p<0.001 between ctrl and proctolin and p<0.008 between control and wash for ΔV LP = 20, 22 and 24 mV; not significant at other ΔV LP ). For ΔV LP values below 20 mV the gIPSP was typically too small (< 1 mV; see Fig. 2C ) to reliably measure short-term dynamics which explains the large error bars seen at these voltages. These experiments showed that proctolin acts at the level of the synapse, causing this depressing synapse to become facilitating in response to low-amplitude presynaptic depolarizations, while maintaining a low level of depression with high-amplitude depolarizations.
We hypothesized that the appearance of synaptic facilitation with low-amplitude presynaptic voltage pulses in the presence of proctolin was due to additional presynaptic calcium currents. ) and in Mn 2+ saline was measured as a putative calcium current (Fig. 4A ,
In normal saline, there was little synaptic response in control conditions and no apparent synaptic plasticity was observed (Fig. 4A , left panel and Fig 3A Ctl black trace) .
In contrast, the synaptic response was strengthened and showed facilitation in proctolin ( Fig. 5C and 5D ; two-way ANOVA post-hoc Tukey analysis, p<0.05, N=8).
To completely exclude the possibility that these results were contaminated by the graded component of the LP to PD synapse, we also measured sIPSPs elicited by antidromic spikes while voltage clamping the LP neuron soma at a constant holding potentials in the presence and absence of proctolin. To elicit antidromic spikes, we stimulated the lateral pyloric nerve (lpn) which contains the axon of the LP neuron but not that of the PD neuron (Fig. 5E ). The stimulus-induced antidromic spikes propagated back to the STG where they resulted in synaptic release (Fig. 5F ). It is known that the baseline potential of the presynaptic neuron can have a significant effect on the amplitude of the spike-mediated PSPs (Nicholls and Wallace, 1978; Ivanov and Calabrese, 2003) .
We voltage clamped the LP neuron at different holding potentials below spike threshold -70, -60, -55, and -50 mV) and recorded the sIPSPs in the PD neuron in control and in the presence of bath-applied proctolin. We found that, as the holding potential of the LP neuron was increased, the amplitude of sIPSPs in the PD neuron also increased in both control and 10 -6 M proctolin. Additionally, as in the protocol of Fig. 5B , the sIPSPs were larger in the presence of proctolin in comparison to control ( Fig. 5G ; two-way RM-ANOVA, p<0.05, N=5).
It has been suggested that calcium accumulation through low-threshold calcium channels activated by subthreshold membrane potential depolarization may result in enough background calcium in the presynaptic neuron to enhance spike-mediated release (Ivanov and Calabrese, 2003) . Bath application of Ni 2+ is known to block a number of low-threshold calcium channels (Lee et al., 1999; Perez-Reyes, 2003) , including those responsible for graded transmission in leech heart interneurons (Ivanov and Calabrese, 2006 : from 0.9±0.4 at 10 mV amp to 4.8±0.4 mV at 40 mV amp; N=5). It was often difficult to assess the effect of Ni 2+ on synaptic transmission because long bath application it usually resulted in membrane potential oscillations and activation of the pyloric rhythm even in the presence of TTX (Zirpel et al., 1993 ). Yet, these results suggest that although an increase in the background calcium in the presynaptic neuron might cause the increase of the sIPSP amplitude as the baseline membrane potential increases, such background calcium is only partially due to Ni 2+ -sensitive low-threshold calcium channels.
We also examined the effect of proctolin on the short-term dynamics of the sIPSPs. The LP neuron was clamped at a holding potential of -50 mV and the lpn was stimulated to produce two successive antidromic spikes and the inter-spike intervals was varied (ISI: 30, 50, 100, 250, 500 ms). Because the stimulus artifact often interfered with the measurement of the sIPSPs with short ISIs, in this protocol we also voltage clamped the postsynaptic PD neuron with two electrodes at a holding potential of -50 mV and measured the spike-mediated synaptic currents (sIPSCs). The sIPSCs were measured and averaged for 10 repeated trials at each ISI value in each experiment and the resulting average amplitude was used as a single data point. As expected, the sIPSC amplitude was significantly strengthened by proctolin (Ctrl: 0.49±0.02 nA, Proc: 1.3±0.1 nA; Student's t-Test, P<0.01, N=4; Fig. 6A ). To measure the extent of synaptic dynamics, we measured the ratio of the peaks of second to first sIPSC. The sIPSCs of LP to PD synapse exhibited short-term depression in both control and proctolin at shorter ISIs (Fig. 6B) So far, our results demonstrated that proctolin can enhance both graded and spikemediated components of the LP to PD synapse. A natural question is how the total IPSC is affected by proctolin. To explore this question we decentralized the preparation (Fig.   1B) , voltage clamped the LP neuron at a holding potential of -60 mV and applied a voltage profile constructed using a pre-recorded realistic LP neuron waveform as we have done in previous studies (Manor et al., 1997; Mamiya and Nadim, 2004; Johnson et al., 2005; Rabbah and Nadim, 2007) . The LP waveform was applied to the voltage clamped LP soma periodically with a cycle period of 1 s and with a total amplitude of 26 mV (as measured in the recording of the waveform) or 39 mV (1.5 times the recorded amplitude).
The resulting IPSP was measured in the PD neuron in control saline or in the presence of proctolin (Fig. 7) . When the measurements were done in normal saline (i.e., without TTX), the simulated action potentials of the realistic waveform resulted in real action potentials in the presynaptic LP neuron which could be seen on the extracellular recordings of the nerve lvn (Fig. 7A) . As a result, the IPSP measured in these conditions was a combination of both graded and spike-mediated components. Additionally, the number and frequency of action potentials were the same in control and proctolin because each (simulated) action potential of the prerecorded waveform elicited an action potential in the LP neuron.
To examine how much of the total IPSP was due to the graded component in the different conditions we repeated these measurements in TTX. In these conditions, action potentials were blocked and therefore the spike-mediated IPSP was removed (Figs. 7B and 7D). Note that the simulated action potentials of the pre-recorded waveform were still artificially played back in the voltage clamped LP neuron but, in TTX, these do not result in biological action potentials. Application of the realistic waveform in TTX with total amplitude of 26 mV (same as recorded amplitude) resulted in synaptic facilitation of the gIPSP in proctolin (gray V PD trace) but not control saline (gray V PD trace). In contrast, application of the waveform at 39 mV resulted in slight depression of the gIPSP both in control (black) and in proctolin (red). The effect of presynaptic waveform amplitude on synaptic dynamics is similar to that reported with the pulse waveforms shown in Fig. 4 .
Note that synaptic facilitation was never observed in TTX-free saline but this may be due to the fact that, in a decentralized preparation, the LP neuron always has some baseline activity (Fig. 1B) and the synapse cannot be measured in naïve conditions.
We compared the IPSP amplitudes after at least five cycles of the realistic waveform application (circled region in Figs. 7A and 7B) to avoid measuring the transients. Increasing the amplitude of the presynaptic waveform resulted in a larger total IPSP in the PD neuron and proctolin always increased the synaptic amplitude in each preparation (Fig. 7C ). On average, both waveform amplitude and the presence of proctolin significantly increased the total synaptic IPSP amplitude ( Fig. 7E ; two-way RM-ANOVA; p<0.05). In TTX, the realistic waveform at 26 mV amplitude did not produce a significant gIPSP in control saline but did so when the amplitude was increased.
Additionally, proctolin increased the amplitude of the gIPSP measured with the realistic waveform (not shown; two-way RM-ANOVA; p<0.05).
Although our characterization of the components of the LP to PD synapse under controlled conditions where we prescribe the presynaptic waveform provides insight into the actions of the modulator proctolin on this synapse, the effect of proctolin on this synapse should also be characterized under more natural biological conditions. As a first step in exploring these more biologically realistic effects, we measured the LP to PD synaptic currents during ongoing pyloric oscillations. To measure the biological IPSCs, one of the two PD neurons was voltage clamped at -50 mV during ongoing pyloric activity and the IPSCs were measured in control and proctolin (Fig. 8A ). In the pyloric network, PD neurons and the pacemaker AB neuron are electrically coupled. Although one PD was voltage clamped, it was still coupled to the other PD and to the AB neuron.
We ensured that the pyloric cycle period was matched between control and proctolin conditions (compare the extracellular recordings from lvn) by injecting, when necessary, a small DC current in the second PD neuron to speed up or slow down the oscillation to a cycle period of 1 s. The synaptic response in the PD neuron was measured by integrating I PD from the end of the PD burst to the start of the consequent PD burst (vertical dashed line in Fig. 8A ). As expected, the total biological IPSC strength was significantly larger in proctolin than control or wash (one-way ANOVA, p<0.01, N=5, Fig. 8B ).
Discussion
In central pattern generator networks, activity-dependent modification of synaptic strength can be crucial in determining the activity phase of the network neurons and, consequently the activity pattern of the effector muscles. Understanding the actions of neuromodulators on network activity requires knowledge of how synaptic strength is changed in the context of this activity. This requires a characterization of the neuromodulator modification of both synaptic strength and its short-term dynamics.
The LP to PD synapse is the sole chemical feedback synapse to the pyloric pacemaker neurons and, as such, its neuromodulation can have important consequences for network output. We found that both the spike-mediated and graded components of the LP to PD synapse are strengthened by proctolin. Interestingly, proctolin unmasks a surprising heterogeneity in its dynamics of the graded component depending on the magnitude of the presynaptic input. In the presence of proctolin, low-amplitude presynaptic stimuli switch the short-term dynamics of this graded component from depression to facilitation. The shift to facilitation is correlated with an increase in a putative presynaptic calcium current. We also found that the spike-mediated component of the LP to PD synapse is dependent on the baseline presynaptic membrane potential from which action potentials are generated and that, at all membrane potentials, the spike-mediated component is enhanced by proctolin. Finally, by voltage-clamping the presynaptic neuron using pre-recorded realistic waveforms as well as measuring of the synaptic current during ongoing activity, we demonstrated that proctolin enhances the combined synaptic output in the context of network oscillations.
Modulatory actions of proctolin
The crab pyloric network is modulated by over twenty neurotransmitters and hormones . Among the best studied of these modulators is the neuropeptide proctolin: all proctolinergic modulatory projection neurons in the crab STNS are known and the network actions of many of these neurons have been characterized (Nusbaum and Beenhakker, 2002) . Proctolin is known to strongly excite and modify the pyloric rhythm (Marder et al., 1986; Hooper and Marder, 1987; Nusbaum and Marder, 1989b) , an effect that is at least partly due to the activation of a voltagedependent non-specific cation channel in pyloric neurons (Golowasch and Marder, 1992; Swensen and Marder, 2001) . However, the effect of proctolin on the pyloric synapses has not been previously examined.
Proctolin exerts its effects through binding to G-protein coupled receptors and subsequently activating downstream signaling pathways (Johnson et al., 2003) . Studies in insect and crayfish muscle have shown that using second messengers IP 3 and cAMP, proctolin can increase intracellular calcium concentrations by modulating voltagedependent or voltage-independent channels (Baines et al., 1990; Bishop et al., 1991; Wegener and Nassel, 2000) . Proctolin, however, does not appear to cause an increase of cAMP levels in STG neurons (Flamm et al., 1987; Hempel et al., 1996) , nor did we find an effect of bath application of membrane-pemeable 8-Bromo-cAMP in changing the synaptic strength or dynamics (not shown). The cGMP pathway has been shown to be involved in the potentiation of crustacean muscle contraction by proctolin (Philipp et al., 2006) . In the STNS, however, there is still little known about the second messenger pathways underlying the modulatory actions of proctolin.
Neuromodulation of short-term synaptic dynamics
Short-term synaptic dynamics have been shown to play roles in behavioral habituation and sensitization (Stopfer and Carew, 1996; Zucker, 1999) , filtering (Lisman, 1997; Zador and Dobrunz, 1997; Dittman et al., 2000; Lindner et al., 2009) , neural information processing and in the control of network activity (Bertram, 1997; Buonomano, 2000; Matveev and Wang, 2000; Nadim and Manor, 2000; Hanson and Jaeger, 2002; Lewis and Maler, 2002) . Much of the understanding of the neuromodulation of short-term synaptic dynamics has come from invertebrate studies (Fischer et al., 1997a; Bristol et al., 2001; Logsdon et al., 2006; Sakurai et al., 2006; Sakurai and Katz, 2009 ), yet such effects have also been observed in vertebrate synapses (Gil et al., 1997; Giocomo and Hasselmo, 2007; Parker and Gilbey, 2007) . While the effects of modulators on synaptic dynamics are documented, few studies other than the current one have shown a modulator to switch the direction of synaptic dynamics from depression to facilitation (Barriere et al., 2008) .
It is noteworthy that facilitation of the graded LP to PD synapse in the presence of proctolin is different from classical synaptic facilitation which depends on the timing of the presynaptic activity and not its amplitude. Other, non-proctolin-mediated, modulatory and projection-neuron actions are known to affect the amplitude of LP neuron activity (Norris et al., 1996; Johnson et al., 2005) . It is possible that retaining synaptic depression with large presynaptic amplitudes and facilitation with low amplitudes in the presence of proctolin may function to buffer the synaptic strength in response to changes in the amplitude of the LP oscillations in response to these other inputs, so that variations in the LP neuron voltage amplitude do not produce large changes in its synaptic output to the pacemaker neurons. As such, an amplitude-dependent switch from depression to facilitation in the LP to PD synapse may help maintain the stability of the rhythmic pyloric motor output.
Potential mechanisms underlying the facilitation caused by proctolin
Short-term facilitation is generally governed by the properties of the presynaptic neuron (Zucker and Regehr, 2002) . Our results also support a presynaptic mechanism because the increase in the synaptic strength in response to a train of pulses is correlated with the slow activation of a presynaptic Mn 2+ -sensitive inward current. This current is likely to be a calcium current activated by proctolin, although a definitive proof requires additional experiments beyond the scope of this study. Using a biophysical model of synaptic release, we have found that proctolin actions on the LP to PD synapse can be explained by the activation of a low-threshold voltage-gated calcium current with slow activation and inactivation kinetics (Zhou et al., 2007) . Yet, other mechanisms may underlie the appearance of the putative calcium current. For example, as mentioned above, proctolin activates a non-specific cation channel in pyloric neurons (Golowasch and Marder, 1992; Swensen and Marder, 2000) which is presumed to have a pore block by calcium ions (Golowasch and Marder, 1992; Swensen and Marder, 2000) . It has been
shown that the ion that produces a pore block-such as Mg 2+ in NMDA channels-can also permeate into the cytoplasm (Stout et al., 1996) . This allows the possibility that the proctolin-activated channel has some permeability for calcium, whose accumulation leads to the observed synaptic facilitation. These two hypothetical mechanisms could be distinguished by imaging calcium entry in the presynaptic LP neuron in the presence or absence of calcium channel blockers.
The role of baseline membrane potential on spike-mediated transmission
The dependence of spike-mediated synapses on baseline membrane potential has been shown in many systems including mammalian central synapses (Nicholls and Wallace, 1978; Ivanov and Calabrese, 2003; Alle and Geiger, 2006; Ivanov and Calabrese, 2006; Shu et al., 2006) . In leech heart interneurons, it is known that lowthreshold calcium currents activate the graded component of synaptic release, whereas spike-mediated synaptic transmission is triggered by high-threshold calcium currents (Angstadt and Calabrese, 1991; Lu et al., 1997) . In these neurons, an increase in the background calcium levels at the presynaptic site due to the membrane potential depolarization is correlated with the increase in the amplitude of the spike-mediated
IPSPs (Ivanov and Calabrese, 2006) . We suspect a similar mechanism to be at work for the LP to PD synapse although, unlike the leech synapses where Cd 2+ can be used to specifically block the high-threshold calcium current and thus only spike-mediated release, Cd 2+ blocks both components of the LP to PD synapse. An additional enhancement of the background calcium levels by proctolin through voltage-gated calcium channels, intrinsic calcium release or through the modulator-activated channels can potentially explain the strengthening of the spike-mediated component with little effect on its dynamics.
The effect of proctolin on combined transmission using realistic waveforms
Graded transmission is thought to be the major form of synaptic communication among pyloric neurons (Graubard et al., 1983; Hartline et al., 1988; Manor et al., 1997) .
This is supported by the observation that pyloric oscillations can be produced in the presence of neuromodulators even when action potentials are blocked (Raper, 1979; Anderson and Barker, 1981) . Although many pyloric synapses appear to be purely graded, others, such as the LP to PD synapse, have a clear spike-mediated component.
Interestingly, when we played back the LP neuron realistic waveform at the amplitude which it was recorded, we saw little graded transmission in control conditions yet this synaptic component was clearly present in proctolin (Fig. 7C) . It is therefore possible that under different modulatory conditions one or the other component of synaptic transmission is dominant in affecting the total synaptic strength.
It is common for neuromodulators to change the activity waveform of bursting neurons (Marder and Thirumalai, 2002) . Proctolin, for example, increases the amplitude of the LP neuron burst waveform and its spike frequency (Hooper and Marder, 1984 ; Nusbaum and Marder, 1989b) . The LP to PD synapse is significantly enhanced if the amplitude of the LP waveform is increased, independent of any direct actions of proctolin on the synapse (Fig. 7) . This enhancement is due both to the increase in strength of the graded component with presynaptic voltage amplitude and because the spike-mediated component is enhanced when the baseline membrane potential is increased. However, as
we have shown, proctolin also directly enhances these two synaptic components. Thus, during natural ongoing oscillations, the proctolin enhancement of the LP to PD synapse results from a combination of direct modulation as well as enhanced release due to the increase in the presynaptic waveform amplitude and spike frequency. Fig. 1B) shows that during ongoing oscillations proctolin strengthens the synapse compared to control conditions (Student's t-test, p<0.01, N=5). Due to variability of IPSP amplitudes during ongoing activity, the IPSP areas were compared.
Figure 2
Proctolin strengthens the graded component of the LP to PD synapse. A. The LP neuron was voltage-clamped at -60 mV and 500 ms depolarizing square pulses with increasing amplitudes up to 0 mV (V LP ) were used to activate the LP to PD synapse in Control, 10 -6 M Proctolin and Wash. The resulting graded IPSP (gIPSP) recorded in the PD neuron (V PD ) increased as the amplitude of the V LP pulse increased for all conditions and was always larger in Proctolin. The enhancement of the synaptic strength was reversible after a 45 minute wash. B. The peak amplitudes of gIPSPs were plotted against the V LP pulse values to obtain the synaptic input-output curves in control and in different doses of proctolin. The amplitudes of gIPSPs were augmented in proctolin in a dose dependent manner but saturated at ~10 -6 M. C. The synaptic input-output curve showed a sigmoidal dependency on the presynaptic voltage for both control and proctolin (10 -6 M). Proctolin significantly strengthened gIPSPs of the LP to PD synapse for presynaptic amplitudes ≥ 35 mV compared to control and wash (two-way ANOVA post-hoc Tukey analysis, p < 0.01 for V LP = -35 to -10 mV; N=6). D. The amplitude of the individual gIPSPs in each preparation was normalized to the gIPSP. Each data point (black: control; red: proctolin; blue: wash) indicates a single measurement from six preparations and these measurements were fit with Boltzmann type equations. Proctolin shifted the midpoint of the input-output curve by ~5.5 mV to more negative membrane potentials (V half in mV-Ctrl: -29.0±0.11; Proc: -35.4±0.14; Wash: -28.0 ±0.44) but did not significantly change the slope of this curve, although the slope became shallower after wash (k half in mV-Ctrl: -3.11±0.10; Proc: -2.83±0.12; Wash: -6.36 ±0.45).
Figure 3
Proctolin modulates the short-term dynamics of the LP to PD graded synapse in response to different amplitude depolarizations. A. LP neuron was voltage-clamped at -60 mV and stimulated with a series of five square pulses of 20 mV (V LP : black trace) or 40 mV (V LP : gray trace) amplitudes in control, proctolin and wash. In control and wash, the LP to PD synapse was depressing. In proctolin, in response to 20 mV presynaptic depolarization, the gIPSPs in the PD neuron showed facilitation B. The ratio of the 5 th to the 1 st mean gIPSP amplitude (A 5 /A 1 ) calculated for all presynaptic depolarizations with an inter-pulse interval of 500 ms plotted against presynaptic pulse amplitudes (ΔV LP ). In control (black), the ratio A 5 /A 1 was slightly less than one for all values of presynaptic pulse amplitudes (ΔV LP ), indicating that the synapse was always depressing. In contrast, in the presence of proctolin (red), the A 5 /A 1 ratios in response to pulse amplitudes between 20 and 24 mV were greater than 1 while the ratios in response to larger pulse amplitudes were less than 1, indicating facilitation and depression, respectively (2-way ANOVA with post hoc Tukey test showing p<0.001 between ctrl and proctolin and p<0.008 between control and wash for ΔV LP = 20, 22 and 24 mV; not significant at other ΔV LP ).
Figure 4
Proctolin caused a facilitation of the LP to PD graded inhibitory postsynaptic potentials in response to low-amplitude presynaptic depolarizing pulses, which is associated with the activation of a Ca 2+ -like inward current. A. The presynaptic currents in the LP neuron (I LP ) are measured in Ca 2+ saline (black) and in Mn 2+ saline (red) using a train of low-amplitude presynaptic voltage pulses. The difference between the two measured currents (ΔI LP = I LP:Ca2+ -I LP : Mn2+ ) reveals a new inward current activated in proctolin. A series of low amplitude presynaptic depolarizing pulses cause little response in postsynaptic neuron PD in control. Proctolin strengthened and caused facilitation in the PD neuron in response to low amplitude presynaptic depolarizing pulses. ΔI LP also increased with each pulse. V PD is not shown in Mn 2+ because synaptic transmission was blocked. B. The mean value (area divided by pulse duration) of the presynaptic inward current ΔI LP in response to each pulse plotted against the mean value of the postsynaptic potentials V PD (IPSP area divided by pulse duration). Linear regression fit shows the correlation between the presynaptic inward current and the postsynaptic potentials (R=0.69, P<0.001, N=9).
Figure 5
The strength of unitary spike-mediated IPSPs (sIPSPs) is enhanced by proctolin. A. The LP neuron was voltage-clamped at -60 mV and stimulated with one short square pulse of duration 10 ms and amplitude 30 mV. The resulting sIPSP was recorded in PD neuron (V PD ) in control and in proctolin (10 -6 M). B. Bath application of proctolin significantly enhanced the amplitude of the unitary sIPSPs (Student's t-test, p<0.001; N=6). C. The LP neuron was voltageclamped at -60 mV and stimulated with one short square pulse of duration 10 ms and increasing amplitude (to peak voltages V LP = -40, -30, -20, -10 mV). A single action potential spike elicited by the 10 ms voltage pulse was recorded on the nerve lvn. The resulting sIPSPs were recorded in PD neuron (V PD ) in control and in proctolin (10 -6 M). D. The amplitude of sIPSPs in response to the 10 ms voltage pulse in control and proctolin increased if the amplitude of this short presynaptic voltage pulse was increased. Bath application of proctolin significantly increased the sIPSP amplitude for all values of the presynaptic pulse amplitudes (two-way ANOVA post-hoc Tukey analysis, p<0.05, N=8). E. Schematic diagram showing how antidromic spikes were elicited in the LP neuron. The LP neuron (blue) soma was voltage-clamped and the PD neuron (red) was recorded in current clamp. To elicit antidromic spikes, the lateral pyloric nerve (lpn) which contains the axon of the LP neuron but not that of the PD neuron was stimulated. F. The LP neuron was voltage-clamped at different holding potentials (V LP =-70, -60, -55 and -50 mV). The sIPSPs were recorded in PD neuron in response to antidromic spikes in the LP neuron in control and proctolin (10 -6 M). G. The peak sIPSP amplitude plotted against the holding potentials of the LP neuron in control and in proctolin. As the holding potential of the LP neuron was increased, the amplitude of sIPSPs in the PD neuron also increased in both control and 10 -6 M proctolin. In the presence of proctolin, the sIPSPs were larger in comparison to control (two-way RM-ANOVA, p<0.05, N=5).
Figure 6
Proctolin does not have a significant effect on the short-term dynamics of the sIPSPs. A. The LP and PD neurons were voltage clamped at a holding potential of -50 mV. The resulting spike-mediated synaptic currents in the PD neuron in response to two successive antidromic spikes with a 100 ms interval were recorded and repeated 10 times. The averaged traces were shown in control (black) and proctolin (red). The spike-mediated synaptic current (sIPSC) amplitude was significantly strengthened by proctolin (Ctrl: 0.49±0.02 nA, Proc: 1.3±0.1 nA; Student's t-test, P<0.01, N=4) B. The ratio of the sIPSC amplitudes in response to the first two successive antidromic spikes plotted against inter-spike interval in control and in proctolin. The exponential fit curves ( . One of the two PD neurons was voltage clamped at a holding potential of -55 mV; the resulting synaptic currents were recorded in this PD neuron in control and in proctolin. B. The synaptic response in PD neuron was integrated from the end of a PD burst to the start of the following PD burst (vertical dashed lines in A). When necessary, DC current was injected in the second PD neuron to bring the cycle period to 1 sec in all measurements. The IPSC area was significantly larger in proctolin than control or wash (one-way ANOVA, p<0.01, N=5).
